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Regression analysis with dummy variableLeaching of valuable metals from residues generated by pyrometallurgical or hydrometallurgical process usu-
ally results in a large amount of wastes. In the present study, the leaching behavior of the zinc leach waste
was investigated by utilizing a regression model with dummy variables. The results of different leaching
methods indicate that addition of ﬂy ash and blast furnace slag to the zinc leach waste reduces the heavy
metal content in the efﬂuent and that ﬂy ash performs better than blast furnace slag. The results of thermal
treatment showed that the zinc leach waste cannot be disposed of in the present form. The metal release
from the zinc leach waste decreased in relation to increasing treatment temperature. Metal releases for res-
idues treated at 1000–1200 °C decreased because of heat-induced formation of a glassy matrix. The levels of
Zn, Pb and Mn released for 1200 °C treatment temperature were 1.05, 0.08, 0.07 mg/l, respectively. Therefore
an immobilization treatment is necessary prior to disposal.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Large amounts of industrial wastes are produced every year by var-
ious industries.Metallurgical industries generate vast quantities of solid
wastes such as slag, ash, sludge, dross and tailings. Environmental pol-
lution by heavy metals from industrial activities can become a very im-
portant source of contamination both in soil and water (Margui et al.,
2004; Al-Jabri et al., 2006). The presence of heavymetals produced dur-
ingmetal extraction in the aquatic environment is ofmajor concern due
to their toxicity to many life forms (Gupta et al., 2000; Montanaro et al.,
2001; Rashchi et al., 2005; Moors and Dijkema, 2006).
It is known that hydrometallurgical and pyrometallurgical wastes of
the zinc production industry pose major environmental problems and
are considered hazardous and toxic due to the presence of heavy metals
like Zn, Pb, Cd, Mn and Co (ILZSG, 1985; Baba and El-Sayed, 1995; Porcu
et al., 2004; Alizadeh et al., 2011). The zinc residues are stockpiled until
the recovery of valuable metals in the residues becomes economic and/
or the grade of zinc ores decreases. The stockpiled residues may cause
heavymetal pollution problems (Gönül, 2007; Ruşen et al., 2008). There-
fore, disposing of these heavy metals is not allowed at landﬁlls without
treatment. Stabilization/solidiﬁcation (S/S) and thermal treatment tech-
nologies are widely applied for immobilization of hazardous wastes8.
.V. Open access under CC BY license.such as sludges, slags and ashes containing heavy metals. The main
aims in the S/S processes are to reduce the hazard of a waste by
converting the contaminants into less soluble, mobile or toxic forms by
using some stabilization additives and binding materials such as cement,
clay, zeolite, red mud, ﬂy ash. Among the other methods thermal treat-
ment has been an increasingly attractive approach to the remediation of
improperly discarded hazardous and toxic materials. One of the aims of
thermal treatment is the immobilizationof heavymetals by the formation
of a glass matrix in which the metals may be stabilized; this is known as
vitriﬁcation. Therefore, the vitriﬁcation process has the potential to re-
duce leachability of hazardous constituents from waste (Marsh, 1997;
Rincon et al., 1999; Pelino et al., 2004).
Although there is already a considerable amount of research ap-
plied to different industrial residues, there are only a few studies on
zinc leach waste (Rashchi et al., 2005; Al-Abed et al., 2006; Çoruh
and Ergun, 2010; Vahidi et al., 2009). The aim of this study is to inves-
tigate the possibility of safe disposal of the zinc leach waste according
to leaching tests, immobilizing agents, treatment temperature, parti-
cle size, immobilizing agent amount and time. In order to construct
a regression model for prediction of Zn releases, dummy variables
for leaching tests, immobilizing agent types and temperature of treat-
ment were used.
2. Materials and methods
2.1. Materials
The zinc leach waste sample used in this study was obtained from
a zinc plant of Kayseri, Turkey. This is the only plant in Turkey that
Table 2
Dummy variables.
Method D1 D2 D3 D4
TCLP 0 0 0 0
ASTM 1 0 0 0
SPLP 0 1 0 0
LEP 0 0 1 0
FLT 0 0 0 1
Table 3
Estimated coefﬁcients and ANOVA results.
Zn Predictor Coef SE Coef t p
Constant 466.342 9.680 48.17 0.000
D1 93.86 12.65 7.42 0.000
D2 −356.67 12.65 −28.20 0.000
D3 −332.02 12.65 −26.25 0.000
D4 −382.90 12.65 −30.28 0.000
Size −10.100 1.363 −7.41 0.000
Source DF SS MS f p
Regression 5 2,060,704 412,141 515.41 0.000
Residual error 44 35,184 800
Total 49 2,095,888
S = 28.2778 R2 = 98.3% R2 (adj) = 98.1%
ZnRelease = 466.342 + 93.86 ⋅ D1 − 356.67 ⋅ D2 − 332.02 ⋅ D3 −
382.90 ⋅ D4 − 10.10 ⋅ Size
Pb Predictor Coef SE Coef t p
Constant 18.0406 0.5063 35.63 0.000
D1 −11.3400 0.6614 −17.15 0.000
D2 −12.6160 0.6614 −19.08 0.000
D3 −11.8820 0.6614 −17.97 0.000
D4 −12.1810 0.6614 −18.42 0.000
Size −0.3072 0.0713 −4.31 0.000
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chemical composition of the sample is presented in Table 1. The
XRD characterization was performed by using X-ray diffraction
(Rigaku D/max) with Cu Kα radiation at room temperature. X-ray
diffraction pattern shows that the zinc leach waste was composed
mainly of anglesite (PbSO4), gypsum (CaSO4.2H2O), and zinc sulfate
hydrate (ZnSO4 ∙ 2H2O). Details of the mineralogical composition of
the zinc leach waste have been given in the previous paper (Gönül,
2007).
The ﬂy ash sample used for this study was collected using electro-
static precipitators from the Soma thermal power plant in Turkey.
The fuel type of the power plant is lignite. Fly ash is in the size
range of less than 0.074 mm. The chemical composition of the ﬂy
ash was evaluated by using X-ray ﬂuorescence techniques (Rigaku
ZSX Primus) and the results are presented in Table 1. The total
immobilizing agent amount of SiO2, Al2O3, Fe2O3 and CaO content
is about 90%. Details of the mineralogical composition of the ﬂy ash
have been given in the previous paper (Çoruh and Ergun, 2010).
Blast furnace slag used in the study was collected from Kardemir,
Turkey. Blast furnace slag was grounded below 0.150 mm before
leaching tests. The chemical composition of the blast furnace slag
was evaluated by using X-ray ﬂuorescence techniques (Rigaku ZSX
Primus).
2.2. Experimental
2.2.1. Leaching tests
In this study, the following leaching tests were used:
• TCLP is widely used in the US and Australia to determine whether
waste products require disposal in landﬁlls characterized as “haz-
ardous”. Prior to extraction, the solid material was passed through a
9.5 mm standard sieve. A 20:1 liquid to solid (L/S) ratio (mass/mass,
m/m) is employed, and the mixture is mixed for 18 h at 30 rpm
using a rotary agitation apparatus. The mixture is ﬁltered using a
glass ﬁber ﬁlter and stored at 4 °C for metal analysis (USEPA, 1989;
Kim, 2003; Cohen and Petrie, 2005).
• For the ASTM leaching procedure, the liquid–solid ratio was set as
4:1, the pH of the solution was the same with distilled water and
the ASTM extractions were performed with a 25 g sample placed in
100 ml of distilled water for 48 h.
• Synthetic precipitation leaching procedure (SPLP) (US EPA Method
1312) is a method to evaluate a worst-case scenario of the wasteTable 1
Chemical composition (wt.%) of the used zinc leach waste, ﬂy ash and blast furnace
slag.
Zinc leach waste Fly ash Blast furnace slag
SiO2 22.49 22.8 39.90
TiO2 0.27 0.55 –
Al2O3 6.16 9.3 9.34
Fe2O3a 11.03 4.9 1.15
Cr2O3 0.08 0.09 0.04
CaO 6.73 40.6 34.89
MgO 0.48 2.6 7.95
CuO 0.10 – 0.84
ZnO 13.20 – –
PbO 21.40 – –
BaO 0.46 – –
SrO – – 0.06
MnO 0.78 0.08 2.76
CO2 – 1.6 –
K2O 0.82 0.5 1.38
Na2O – 0.2 0.20
SO3 15.39 13.4 1.42
LOIb 0.61 3.38 0.07
a Iron oxides are presented as Fe2O3.
b Loss on ignition.during the practice of disposal. The extraction ﬂuid consists of slightly
acidiﬁed de-ionized water that is formulated to simulate natural pre-
cipitation. A mixture of 60/40 H2SO4/HNO3 (by weight) is used to
achieve the appropriate pH for extraction. The samples are extracted
at a liquid to solid ratio (L/S) of 20 at 30 rpm for 18 h at room tem-
perature on a shaker (USEPA, 1994).
• The ﬁeld leach test has been used to predict, assess, and charac-
terize the geochemical interactions between water and a broad
variety of geologic and environmental matrices. Examples of
some of the samples leached include metal mine wastes, variousSource DF SS MS f p
Regression 5 1202.15 240.43 109.93 0.000
Residual error 44 96.23 2.19
Total 49 1298.38
S = 1.47889 R2 = 92.6% R2 (adj) = 91.7%
PbRelease = 18.0406 − 11.3400 ⋅ D1 − 12.6160 ⋅ D2 − 11.8820 ⋅ D3 −
12.1810 ⋅ D4 − 0.3072 ⋅ Size
Mn Predictor Coef SE Coef t p
Constant 6.3113 0.0886 71.20 0.000
D1 3.1410 0.1158 27.13 0.000
D2 0.6100 0.1158 5.27 0.000
D3 0.9420 0.1158 8.13 0.000
D4 1.3990 0.1158 12.08 0.000
Size −0.1538 0.0124 −12.32 0.000
Source DF SS MS f p
Regression 5 66.778 13.356 199.21 0.000
Residual error 44 2.950 0.067
Total 49 69.728
S = 0.258930 R2 = 95.8% R2 (adj) = 95.3%
ZnRelease = 6.3113 + 3.1410 ⋅ D1 + 0.6100 ⋅ D2 + 0.9420 ⋅ D3 +
1.3990 ⋅ D4 − 0.1538 ⋅ Size
Coef: coefﬁcient, SE Coef: standard error for the estimated coefﬁcient, t: t-value, p: p-value,
DF: degrees of freedom, SS: sum of squares, MS:mean squares, f: f-value, S: estimate of stan-
dard deviation.
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and many other diverse matrices. The ﬁeld leach test (FLT) deter-
mines the potential for the release of metals and acid from materials
exposed to natural waters (El-Kamash et al., 2005; Hagema, 2007).
This test uses a mass basis and a 20:1 (20 parts extractant to 1 part
solid) leaching ratio. For this procedure, 50 g of b10 mesh (b2 mm)
mine waste composite sample is weighed into a one-liter plastic bot-
tle. Approximately 1 l deionizedwater is added slowly so that no dust
is lost. The bottle is capped and vigorously hand shaken for 5 min
(U.S. Geological Survey, 2005).
• Leaching extraction procedure (LEP) was used to investigate the
leaching potential of toxic components to the environment by extrac-
tion with an acidic medium. A 50 g dry sample was tumbled contin-
uously for 24 h in 1 l of deionized water. A pH of 5 ± 0.2 was
maintained throughout the extraction by adding 0.5 N acetic acid
(USEPA, 1989; Peralta, 1997; Chang et al., 2001; Kim, 2003; Cohen
and Petrie, 2005).
The pH of the recovered extracts was measured and recorded, after
which theywere acidiﬁedwithHNO3 to a pH b 2. The preserved samples
were stored at 4 °C until processed. All experiments were performed in
duplicate and mean values were taken into account.
2.2.2. Metal leaching test and thermal treatment on zinc leach waste
with or without immobilizing agent
Metal leaching tests were performed in leaching test conditions
using samples of as received zinc leach waste before and after thermal
treatment (1000 °C) and the same samples (25 g) were mixed with
ﬂy ash and blast furnace slag at different ratios (2.5, 5, 10, 15, 20 and
25 g, respectively) as immobilizing agents. These mixtures were
subjected to ASTM leaching test. The leachate derived from the tests
was ﬁltered and acidiﬁed with concentrated nitric acid to pH b 2. TheFL
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Fig. 1. Main effect plots for Zmetal concentration in the ﬁltrate was determined using AAS (atomic
absorption spectrophotometry).
2.2.3. Thermal treatment of zinc leach waste
Thermal treatment was applied to the zinc leach waste in order to
determine the effects on Zn, Pb and Mn releases. Zinc leach waste was
heated for 45 min at several temperatures from 100 to 1200 °C. The
heating rates of zinc leach waste samples were controlled to about
18 °C/min. Treatment times were between 5 and 300 min on zinc
leach waste. Metals released from the thermal treated waste were ex-
amined according to TCLP and ASTM test methods.
2.3. Linear regression model with dummy variables
An equation or a set of equations which represents the behavior
of a system is called a mathematical model. A linear model is one of
the mathematical models in which all parameters/variables appear
linearly.
Regression analysis is a statistical tool for the investigation of rela-
tionships between variables. The linear regression model assumes
that there is a linear, or “straight line”, relationship between the de-
pendent variable and each predictor (independent variable). A linear
regression model that contains more than one predictor/independent
variable is called a multiple linear regression model. The following
model is a multiple linear regression model with two predictor vari-
ables (x1 and x2).
Y ¼ β0 þ β1x1 þ β2x2 þ ε ð1Þ
where β0 is the intercept, the predicted value of the dependent vari-
able when the value of every predictor is equal to zero, parameters β1FL
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Table 5
Estimated coefﬁcients and ANOVA results.
Zn Predictor Coef SE Coef t p
Constant 122.03 29.50 4.14 0.001
D1 97.72 26.21 3.73 0.002
T1 −138.15 26.21 −5.27 0.000
Dosage −2.496 1.638 −1.52 0.147
Source DF SS MS f p
Regression 3 151150 50383 14.67 0.000
Residual error 16 54967 3435
Total 19 206117
ZnRelease = 122 + 97.7 ⋅ D1 − 138 ⋅ T1 − 2.50 ⋅ Dosage
S = 58.6126 R2 = 73.3% R2 (adj) = 68.3%
Pb Predictor Coef SE Coef t p
Constant 3.2015 0.08137 39.34 0.000
D1 1.1510 0.07230 15.92 0.000
T1 −0.2710 0.07230 −3.75 0.002
Dosage −0.0518 0.00451 −11.47 0.000
Source DF SS MS f p
Regression 3 10.4295 3.4765 133.01 0.000
Residual error 16 0.4182 0.0261
Total 19 10.8477
PbRelease = 3.20 + 1.15 ⋅ D1 − 0.271 ⋅ T1 − 0.0518 ⋅ Dosage
S = 0.161672 R2 = 96.1% R2 (adj) = 95.4%
Mn Predictor Coef SE Coef t p
Constant 6.4476 0.3017 21.37 0.000
D1 0.6030 0.2680 2.25 0.039
T1 −5.2710 0.2680 −19.67 0.000
168 S. Çoruh et al. / International Journal of Mineral Processing 123 (2013) 165–171and β2 are referred to as partial regression coefﬁcients and ε is ran-
dom or unexplained error. Since the maximum power of the variables
in the model is one, the regression model in Eq. (1) is a ﬁrst order
multiple linear regression model.
The statistical methods used to develop the multiple linear regres-
sion models include analysis of variance (ANOVA). ANOVA provides an
indication of the statistical signiﬁcance of the regression by partitioning
the variation into two components: a) variability accounted for by re-
gression line: regression sumof squares and b) variability not accounted
for by regression line: error sum of squares. ANOVA uses the f statistic to
compare the variability accounted for by the regression model with the
remaining variation due to error.
The most common measure of how well a regression model ﬁts
the data is R2. This statistic represents how much of the variance in
the response is explained by the weighted combination of predictors.
The closer R2 is to 1, the better the model ﬁts.
In order to include categorical variables as independent variables in
a regressionmodel, dummy variables are often used. The use of dummy
variables allows the researcher to include categorical independent vari-
ables as part of the regressionmodel. If a given categorical independent
variable has m categories, then (m-1) dummy variables are introduced
to the model. For example, for a categorical variable with six levels, ﬁve
dichotomous variables are constructed that would contain the same in-
formation as the single categorical variable.
Dummy variables only take the value of either 0 or 1. In a regres-
sion model, a dummy variable with a value of 0 will cause its coefﬁ-
cient to disappear from the equation. Conversely, the value of 1
causes the coefﬁcient to function as a supplemental intercept, be-
cause of the identity property of multiplication by 1. This type of
speciﬁcation in a linear regression model is useful to deﬁne subsets
of observations that have different intercepts and/or slopes without
the creation of separate models.
3. Result and discussion
3.1. Effects of particle size and leaching tests
The particle size change of zinc leach waste was obtained between
0.106 and 8.0 mm. About 80% of the particle size distribution of zinc
leach waste is between −4.750 + 0.425 mm particle sizes. Thus, the
particle size was chosen as−4.750 + 0.425 mm.
Systematic differences among metal releases of the ﬁve leaching
tests were controlled with dummy variables (Table 2). For example,
D1 is one for ASTM, and zero for all methods.
The coefﬁcients in Table 3 list the estimated coefﬁcients for the
predictors (dummy variables and size). The interpretations of the re-
gression equations are as follows:
• Since the p-values are smaller than the 0.01, the relationship between
the response variable (metal release) and the independent variables
(dummy variables and size) is statistically signiﬁcant at 1% level.
• From the coefﬁcients in Table 3, as the size increases by one unit, the
release of Zn, Pb and Mn decreases by 10.10, 0.3072 and 0.1538 units
respectively.
• Dummy variables were found as signiﬁcantly different from zero,
which suggests that the leaching method is one of the key predictors
of metal releases. From the magnitude of the coefﬁcients, it can be
concluded that while ASTM method increases the release of Zn and
Mn, TCLP method increases the release of Pb.Table 4
Dummy variables.
Agent type D1 Temperature T1
Fly ash 0 0 °C 0
Blast furnace slag 1 1000 °C 1• The values of the adjusted determination coefﬁcients (adj. R2) indi-
cate that 98.1% for Zn, 91.7% for Pb and 95.3% for Mn of the total var-
iations are explained by the regression models.
• The regression p-values of 0.000 indicate that at least one of the re-
gression coefﬁcients is signiﬁcantly different from zero for all the re-
gression models.
According to Fig. 1, each level of themethods and particle size affects
the release differently. For example, ASTM method results in higher
mean response (Zn release) compared to other methods. Additionally,
it is observed that metal releases decrease as the particle size increases.
3.2. The effect of immobilizing agent type and amount, and treatment
temperature
Metal releases according to ASTM testmethodwere investigated. Zn
releases without immobilizing agent are 580.12 mg/l and 13.88 mg/l
for 0 °C and 1000 °C treatment temperatures, respectively. In order to
include the categorical variable concerning the agent type and temper-
ature, dummy variables were deﬁned as shown in Table 4.
Table 5 shows the estimated coefﬁcients and corresponding statis-
tics for all independent variables. The results are interpreted as follows:
• The coefﬁcients for D1 dummy variable mean that blast furnace slag
increases the releases of Zn, Pb and Mn. It can be concluded that ﬂy
ash is an effective immobilizing agent for the stabilization of Zn, Pb
and Mn ions from zinc leach waste.
• The coefﬁcients for T1 dummy variable mean that releases of Zn, Pb
and Mn for 1000 °C are less than that for 0 °C. That is, thermal treat-
ment is necessary to reduce metal releases.Dosage −0.0645 0.0167 −3.85 0.001
Source DF SS MS f p
Regression 3 146.065 48.688 135.54 0.000
Residual error 16 5.748 0.359
Total 19 151.812
MnRelease = 6.45 + 0.603 ⋅ D1 − 5.27 ⋅ T1 − 0.0645 ⋅ Dosage
7S = 0.599352 R2 = 96.2% R2 (adj) = 95.5%
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Fig. 2. Main effect plots for Zn, Pb and Mn releases (for ASTM test method).
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Table 7
Estimated coefﬁcients and ANOVA results.
Zn Predictor Coef SE Coef t p
Constant 359.02 29.47 12.18 0.000
D1 −35.70 22.54 −1.58 0.119
T1 −134.25 35.64 −3.77 0.000
T2 −252.00 35.64 −7.07 0.000
T3 −279.70 35.64 −7.85 0.000
T4 −300.70 35.64 −8.44 0.000
Time −0.3814 0.1050 −3.63 0.001
Source DF SS MS f p
Regression 6 879,266 146,544 19.23 0.000
Residual error 53 403,917 7621
Total 59 1,283,184
Zn = 359 − 35.7 ⋅ D1 − 134 ⋅ T1 − 252 ⋅ T2 − 280 ⋅ T3 −
301 ⋅ T4 − 0.381 ⋅ Time
S = 87.2988 R2 = 68.5% R2 (adj) = 65.0%
Pb Predictor Coef SE Coef t p
Constant 21.209 1.477 14.36 0.000
D1 −6.800 1.130 −6.02 0.000
T1 −3.708 1.786 −2.08 0.043
170 S. Çoruh et al. / International Journal of Mineral Processing 123 (2013) 165–171• An increase in temperature and agent amount reversely affects the
releases of Zn, Pb and Mn.
• Holding constant the effects of agent type and temperature, for each
increase in the agent amount, the releases of Zn, Pb and Mn are es-
timated to decrease by 2.496, 0.0518 and 0.0645 respectively.
• Except for the variable of agent amount for Zn, all of the variablesmake
a signiﬁcant contribution to the model at a level of 5% signiﬁcance.
• The regression p-values of 0.000 imply that at least one coefﬁcient in
the model is not zero.
• The coefﬁcients of determination indicate that over 95% for Pb andMn,
and 68.3% for Zn of the variation in releases are explained by variation
in the independent variables.
• Fly ash is an effective adsorbent for the removal of Zn, Pb and Mn ions
from zinc leach waste. The Al, Fe oxides and hydroxides of ﬂy ash were
the other active components in heavy metal adsorption.
According to themain effect plots given in Fig. 2,metal releases from
zinc leach waste decrease with the increase in treatment temperature
and agent amount. Additionally, ﬂy ash results in lower metal releases
especially for Zn and Mn compared to that for blast furnace slag.T2 −7.925 1.786 −4.44 0.000
T3 −9.075 1.786 −5.08 0.000
T4 −9.908 1.786 −5.55 0.000
Time −0.0299 0.0053 −5.69 0.000
Source DF SS MS f p
Regression 6 2148.04 358.01 18.70 0.000
Residual error 53 1014.83 19.15
Total 59 3162.87
Pb = 21.2 − 6.80 ⋅ D1 − 3.71 ⋅ T1 − 7.93 ⋅ T2 − 9.08 ⋅ T3 −
9.91 ⋅ T4 − 0.0299 ⋅ Time
S = 4.37581 R2 = 67.9% R2 (adj) = 64.3%
Mn Predictor Coef SE Coef t p
Constant 10.3745 0.7895 13.14 0.000
D1 2.9073 0.6038 4.82 0.000
T1 −4.2583 0.9547 −4.46 0.000
T2 −6.2167 0.9547 −6.51 0.000
T3 −7.5750 0.9547 −7.93 0.000
T4 −8.6433 0.9547 −9.05 0.000
Time −0.0185 0.0028 −6.58 0.000
Source DF SS MS f p
Regression 6 919.91 153.32 28.04 0.000
Residual error 53 289.83 5.47
Total 59 1209.75
Mn = 10.4 + 2.91 ⋅ D1 − 4.26 ⋅ T1 − 6.22 ⋅ T2 − 7.58 ⋅ T3 −
8.64 ⋅ T4 − 0.0185 ⋅ Time
S = 2.33850 R2 = 76.0% R2 (adj) = 73.3%3.3. The effects of thermal treatment temperature, time and leaching tests
In order to see the effects of temperature, leaching method (TCLP
and ASTM) and time on release of Zn, Pb and Mn simultaneously,
two types of dummy variables were used which are temperature
and leaching method (Table 6). 800 °C and TCLP method are base
levels and are represented in the regression model by observations
with values of 0 for all others.
The coefﬁcients reﬂecting the change in metal releases as a result of
a “unit change” in temperature, leachingmethod and time are shown in
Table 7.
The main ﬁndings of Table 7 are given as follows:
• Coefﬁcients of D1 for Zn and Pb mean that metal release for TCLP is
higher than metal release for ASTM.
• The coefﬁcient of D1 for Mn reﬂects that the mean release for the
ASTM is 2.9073 higher than themean for the reference group (ASTM).
• As time and temperature increase, releases of the Zn, Pb and Mn de-
crease.
• According to R2 values, approximately 65%, 64.3% and 73.3% of the var-
iance in releases of Zn, Pb and Mn are explained by time, temperature
and leaching method.
• Since the regression p-values are less than 0.01, the null hypothesis
stating that the coefﬁcients are zero was rejected. That is, at least one
of the regression coefﬁcients is signiﬁcantly different from zero.
• The p-values for the estimated coefﬁcients of the independent vari-
ables except for leaching method for Zn indicate that they are signiﬁ-
cantly related to releases of Zn, Pb and Mn.
From the main effect plots given in Fig. 3, it is clearly shown that
as the temperature and time increase, metal releases decrease. The ef-
fect of the leaching test on Zn release is rather small since the slope is
close to zero.Table 6
Dummy variables.
Leaching method D1 Temperature T1 T2 T3 T4
TCLP 0 800 °C 0 0 0 0
ASTM 1 900 °C 1 0 0 0
1000 °C 0 1 0 0
1100 °C 0 0 1 0
1200 °C 0 0 0 14. Conclusion
A dummy variable is often used in regression models to distinguish
different treatment groups. In this study, the dummy variables have en-
abled us to use a single regression equation to represent differences in
leaching test, temperature, particle size and agent types. The TCLP,
ASTM, SPLP, LEP and FLT test results show that decrease in particle size
leads to an increase in Zn, Pb and Mn releases. The immobilizing agent
amounts of Zn and Mn leached (except for Pb) by ASTM were greater
than the other test methods. The results of laboratory leaching tests
demonstrate that addition of ﬂy ash and blast furnace slag to the zinc
leach waste before and after thermal treatment drastically reduces the
heavy metal content in the leachate and the ﬂy ash performs better
than blast furnace slag. Fly ash is an effective immobilizing agent for
the stabilization of Zn, Pb and Mn ions from zinc leach waste. Thermal
treatment studies at different temperatures between 800 and 1200 °C
for Zn, Pb and Mn showed that the metal release from the zinc leach
waste decreased with increasing temperature. Metal releases for resi-
dues treated at 1200 °C decreased because of the heat-induced forma-
tion of a glassy matrix.
300
200
100
0
300
200
100
0
15,0
12,5
10,0
7,5
5,0
15,0
12,5
10,0
7,5
5,0
ASTMTCLP
8
6
4
2
120011001000900800
3001806030155
10
10
8
6
4
2
Method
M
ea
n
Temperature
time
time
Main Effects Plot for Mn
Data Means
ASTMTCLP 120011001000900800
3001806030155
Method
M
ea
n
Temperature
time
Main Effects Plot for Pb
Data Means
ASTMTCLP 120011001000900800
3001806030155
Method
M
ea
n
Temperature
Main Effects Plot for Zn
Data Means
Fig. 3. Main effect plots for Zn, Pb and Mn releases.
171S. Çoruh et al. / International Journal of Mineral Processing 123 (2013) 165–171The results have shown clearly that zinc leach waste can be safely
immobilized with the use of the thermal treatment process. In addi-
tion, the leachability of Zn, Pb and Mn ions after thermal treatment
up to 1000 °C is lower than the regulatory limits.References
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